Spermatozoa acquire forward motility and fertilizing capacity during their transit through the epididymis. This maturation process involves modifications of the sperm surface by different proteins secreted by a series of specialized regions in the epididymal epithelium. Previously, our lab has reported IMDS-60 gene, which is highly expressed in mouse corpus and cauda epididymidis. Here, to perform further characterization of IMDS-60 protein, the specific polyclonal antisera were raised to the C-terminal peptide of the IMDS-60 protein. Western blot and immunohistochemistry assay revealed that IMDS-60 protein was specifically localized in the corpus and cauda regions of epididymidis. IMDS-60 could be transported from epididymal epithelium to the surface of epididymal spermatozoa. Finally, the results of the antibody block experiments suggested that IMDS-60 might play important roles in sperm maturation in the epididymis.
Introduction
The epididymis is responsible for sperm transport, concentration, storage, and maturation. Classically, the epididymis is divided into three segments: a head (caput), an elongated region (corpus), and a terminal bulbous region (cauda). Spermatozoa are transported from the testis into this organ, where they undergo a series of physical, chemical, and morphological alterations during the epididymal transit to acquire forward motility and fertilizing capacity [1] . Although the role of the epididymis in sperm maturation has been well established four decades ago [2] , only a few molecules in epididymis have been demonstrated to be linked to this maturation process.
Previously, we reported a discovered gene IMDS-60 in mouse epididymis [3] . Northern blot analysis showed that the IMDS-60 was highly expressed in epididymis but at a rather lower level in uterus, seminal vesicle gland, and stomach, and not detected in other tested tissues. Further study revealed that the mRNA of IMDS-60 was only expressed in corpus and cauda epididymidis, not in caput region. It was partially regulated by androgen and peaked in male mice aged from 3 weeks to adult.
In this article, with the aid of the specific antisera against mouse IMDS-60, we describe the characterization of IMDS-60 at protein level, and its role in the sperm maturation.
Materials and Methods

Animals
Healthy BALB/c mice and New Zealand white rabbits were supplied by the Animal Center of the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China) and housed under standard laboratory conditions. Experiments were conducted according to a protocol approved by the Institute Animal Care Committee of the Shanghai Institutes for Biological Sciences.
Protein sequence analysis HomoloGene (http://www.ncbi.nlm.nih.gov/homologene) was used for automated detection of homologs among the eukaryotic genomes [4] . SignalP 4.0 (http://www.cbs.dtu.dk/ services/SignalP/) was used to identify the putative signal peptide cleavage sites. TMHMM (http://www.cbs.dtu.dk/ services/TMHMM/) was used to predict the transmembrane topology. NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/ services/NetNGlyc/) was used to predict N-Glycosylation sites in the protein.
Production of antisera
To raise the specific antisera against IMDS-60, the 864-bp cDNA fragment encoding the C-terminal 287 amino acids (from amino acid 413 to the C-terminus) of the IMDS-60 protein was inserted into pET-28(a) vector (Novagen, Gibbstown, USA). The recombinant protein was expressed and purified using pET expression system kit. The polyclonal antisera against IMDS-60 were raised according to previous methods [5] .
Protein extraction and western blot analysis Male mice were killed by cervical dislocation, and epididymidis were excised, defatted, and dissected into caput, corpus, and cauda segments, and then punctured with a needle in phosphate-buffered saline (PBS) plus a protease inhibitor cocktail (Calbiochem, Darmstadt, Germany) and gently agitated to allow sperm dispersion. Epididymal tissues were concentrated by centrifugation at 100 g for 1 min. Spermatozoa were concentrated by two centrifugations at 500 g for 5 min and washed at least three times with PBS before any experimental treatments. Epididymal fluids were collected and centrifuged twice at 10,000 g for 10 min at 48C to eliminate cell debris and residual spermatozoa. Epididymosomes were isolated by subjecting epididymal fluids to ultracentrifugation (200,000 g for 2 h at 48C). The supernatant was discarded, and the epididymosomes-containing pellets were resuspended in PBS. Finally, the pellets containing isolated epididymosomes were concentrated by ultracentrifugation (200,000 g for 2 h at 48C).
Total tissues of the mouse epididymis were homogenized with 2% sodium dodecyl sulfte lysis buffer containing a protease inhibitor cocktail. The homogenized samples were incubated on ice for 15 min and centrifuged at 12,000 g for 15 min at 48C. Total tissue protein extracts were in the supernatant.
Proteins of the sperm and epididymosomes were extracted with the extraction buffer [7 M urea, 2 M thiourea, 4% (w/v) CHAPS, 2% (w/v) IPG buffer (GE, Wisconsin, USA), 40 mM dithiothreitol)]. After being vortexed and incubated on ice for 30 min, the samples were centrifuged at 12,000 g for 15 min at 48C. The protein extracts were in the supernatant.
Total tissue protein extracts (100 mg) or sperm protein extracts (50 mg) or epididymosomes protein extracts (100 mg) for each sample were electrophoresed on 10% polyacrylamide gels, electrotransferred onto Hybond-P membranes (Amersham Pharmacia Biotech, San Francisco, USA), immunoblotted and visualized by the ECL analysis system (Amersham Pharmacia Biotech). The polyclonal antisera against IMDS-60 (dilution 1 : 5000) were used as primary antibody. The horseradish peroxidase-conjugated goat-anti-rabbit IgG (Santa Cruz, Santa Cruz, USA) (dilution 1 : 10,000) was used as a second antibody.
Peptide N-glycosidase F treatment The peptide N-glycosidase F treatment was performed as described previously [6] . Briefly, 20 mg of total sperm protein extracts were treated and in the control sample no enzyme was added. The reaction products were then detected by western blot analysis using IMDS-60 polyclonal antisera.
Immunohistochemical staining
The immunohistochemical staining was performed as described previously [7] . Primary and secondary antibodies were diluted in PBS containing 10% normal goat serum. The slides were incubated overnight at 48C with primary antibody (1 : 400 dilution of IMDS-60 polyclonal antisera). The horseradish peroxidase-conjugated goat-anti-rabbit IgG (Boster Company, Wuhan, China) was used as secondary antibody. As a negative control, serial sections were subjected to the same procedure, with preimmune rabbit serum in stead of the primary antibody.
Indirect immunofluorescence detection of proteins associated with spermatozoa
The method of indirect immunofluorescence detection of proteins associated with spermatozoa was used as described previously [6] . The polyclonal antisera against IMDS-60 (1 : 200) were used as primary antibody, and the preimmune serum was used as a negative control.
Antibody block experiment
The spermatozoa collected from the cauda epididymis were released into the non-capacitation medium (120 mM NaCl, 4.8 mM KCl, 1.0 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 25 mM NaHCO 3 , 5.0 mM glucose, 21 mM sodium lactate, and 0.25 mM sodium pyruvate, 0.5% phenol red, 5 mg/ml streptomycin sulphate, 5 U/ml potassium penicillin, pH 7.4, osmolarity about 310 mOsmol/kg). The spermatozoa were incubated with different concentrations of the IMDS-60 polyclonal antisera. The preimmune serum and rabbit polyclonal antisera against rat LCN9 were used as controls.
Suspensions of spermatozoa were loaded into flat 100-mm deep microslides (HTR1099, VitroCom Inc., Mountain Lks, USA). The computer-assisted sperm analysis was performed to determine the sperm motility characteristics using the HTM-TOXIVOS (Animal Motility, version 12.3A; Hamilton-Thorne Biosciences, Beverly, USA).
For the assessment of capacitation, spermatozoa from the cauda epididymis were released into the capacitation IMDS-60 protein in mouse epididymis and its relationship with sperm maturation medium (the medium composition is the same as the noncapacitation medium but containing 3 mg/ml bovine serum albumin). Spermatozoa were collected at different time points. Western blot analysis was performed as described previously [8] with some modifications. Briefly, the antiphosphotyrosine monoclonal antibody (dilution 1 : 10,000) was used as primary antibody. The goat horseradish peroxidase-conjugated anti-mouse IgG (Calbiochem) (dilution 1 : 10,000) was used as a second antibody.
Results
The native status of IMDS-60 proteins in the epididymis To understand the native status and localization of IMDS-60 proteins in the epididymis, the polyclonal antisera against the recombinant C-terminal peptide (from amino acid 413 to the C-terminus) of IMDS-60 were raised successfully in rabbits. The sensitivity of the antisera was tested by western blot analysis. As low as 1 ng purified recombinant antigen could be detected by IMDS-60 antisera at a dilution of 1 : 5000 [ Fig. 1(A) ]. A distinct single band was detected in the corpus and cauda epididymidis but not in caput region or other tissues tested [ Fig. 1(B) ], which was consistent with the tissue distribution pattern of the IMDS-60 mRNA [3] .
Based on the amino acid sequence of the IMDS-60 protein, its molecular mass of 78 kDa can be calculated (EDITSEQ, DNASTAR Software), which is lower compared with the apparent molecular mass of 80 kDa [ Fig. 1(B) ]. The molecular mass of the deglycosylated IMDS-60 protein was slightly lower than that of the untreated IMDS-60 protein and was consistent with the calculated molecular mass (Supplementary Fig. S1 ). According to the NetNGlyc 1.0 Server, there are two predicted N-glycosylation sites (the 536 amino acid and the 571 amino acid in IMDS-60). This result suggested that the native IMDS-60 protein was glycosylated.
Region-specific localization of IMDS-60 protein in the epididymis As shown in Fig. 2(A) , the immunostaining signals for IMDS-60 were detected in corpus and cauda epididymidis, which was consistent with the protein distribution based on the western blot analysis. No signals were found in the initial segment or caput region of the epididymis [ Fig. 2(B1-B3) ]. The immunostaining signals for IMDS-60 began to appear at the proximal corpus region [ Fig. 2(B4) ], strong in the middle and distal corpus regions [ Fig. 2(B4-B6) ] and moderate in the cauda region [ Fig. 2(B7,B8) ].
Protein transfer from the epididymal epithelium to sperm Since some of epididymal proteins can interact with spermatozoa, we wondered whether IMDS-60 could also interact with spermatozoa although no signal peptide is found in the protein sequence of IMDS-60 according to the bioinformatics prediction. The IMDS-60 antisera were used to probe western blot analysis containing protein extracts of the spermatozoa collected from the caput, corpus and cauda regions of epididymis. Results showed that IMDS-60 immunoreactivity was found in the protein extracts of spermatozoa from the corpus and cauda epididymidis [ Fig. 3(A) ]. Moreover, indirect immunofluorescence staining showed that the prominent signals of IMDS-60 were detected on the surface of the sperm head [ Fig. 3(B) ]. In addition, IMDS-60 immunoreactivity was found in protein extracts of the epididymosomes from cauda epididymis [ Fig. 3(C) ], which suggested that IMDS-60 might be transferred to the sperm surface via epididymosomes.
IMDS-60 is involved in maintaining sperm motility in vitro
To test the possible roles of IMDS-60 in sperm motility, we incubated spermatozoa collected from cauda epididymis with IMDS-60 antibody in vitro in the medium without bovine serum albumin (BSA), which is essential for capacitation. To rule out non-specific interferences, the preimmune serum and rabbit polyclonal antisera against rat LCN9 were used as controls. The sperm motility [ Fig. 4(A) ] and progressive motility [ Fig. 4(B) ] of samples were both greatly attenuated at the presence of IMDS-60 antibody, whereas none of the control treatments had any IMDS-60 protein in mouse epididymis and its relationship with sperm maturation effects. No agglutination of spermatozoa was observed. In order to investigate whether antibody treatment could induce a complete loss of IMDS-60 protein from the sperm, western bolt analysis was applied for the protein extracts of the sperm incubated with the IMDS-60 antibody for 2 h. The result demonstrated that IMDS-60 protein still existed on the sperm after antibody treatment ( Supplementary  Fig. S2) .
Capacitation represents the completion of sperm maturation that confers on mammalian sperm fertilization competence. It is widely accepted that tyrosine phosphorylation of sperm proteins is an important indicator of whether the capacitation signaling cascade has been activated [9] . To investigate the possible role of IMDS-60 during capacitation, the spermatozoa collected from cauda epididymis were incubated with IMDS-60 antibody in the capacitation medium containing BSA. As shown in Supplementary  Fig. S3(A) , only spermatozoa treated with IMDS-60 antibody revealed significant inhibition in the protein tyrosine phosphorylation; none of the control treatments had any effects. The inhibitory effect of IMDS-60 antibody treatment was a concentration-and time-dependent process [ Supplementary Fig. S(3B) ].
Discussion
IMDS-60 is a gene discovered in our lab previously [3] , and it belongs to the protein superfamily CWH43. An alignment of the mouse IMDS-60 protein and its homologs in rat and human reveals a remarkable conservation of its sequence [3] . This high conservation suggests that IMDS-60 gene is positively selected during evolution because of its biological importance. In this work, we perform further characterization of IMDS-60 protein. We prepared the specific polyclonal antisera against IMDS-60 protein and revealed that IMDS-60 protein was specifically localized in the corpus and cauda regions of epididymidis. Furthermore, we demonstrated that IMDS-60 protein could be transported from epididymal epithelium to the surface of epididymal spermatozoa. Finally, the results of the antibody block experiments suggested that IMDS-60 might play important roles in sperm maturation in the epididymis.
The amino acid sequence of mouse IMDS-60 is 31% identical to C-terminus of Saccharomyces cerevisiae CWH43. It is interesting that the amino acid sequence of mouse FRAG1 is 29% identical to N-terminus of S. cerevisiae CWH43. Saccharomyces cerevisiae CWH43 is required for the remodeling of the lipid moiety of glycosylated phosphatidylinositol (GPI) anchors to ceramides and its C-terminal domain is especially important for this function [10, 11] . The N-terminus of S. cerevisiae CWH43 is able to enhance the function of the C-terminus. Moreover, mouse IMDS-60 can remodel lipid moiety of GPI anchors to ceramides in CWH43D yeast cells and the co-expression of mouse FRAG1 can enhance this function [11] . In addition, mouse FRAG1 has been reported to be involved in lipid remodeling from lyso-PI to PI containing saturated fatty acids [12, 13] . When both mouse FRAG1 and IMDS-60 are co-expressed in yeast, the gene products can be co-immunoprecipitated, suggesting that they physically interact with each other [11] . It is well known that GPI modification is conserved among mammals, yeast, and protozoa [14 -16] . In yeast, the lipid portion of mature GPI-anchored proteins is either diacylglycerol or ceramide. Although so far ceramide-type lipid moieties in GPIanchored proteins have not been found in mammals, we can not rule out the possibility that they exist in some specific tissues such as epididymis where IMDS-60 is expressed and participates in the formation process of ceramide-type lipid moieties. In mammalian cells, alkyl/ acyl PI moieties are selectively concentrated during the GPI biosynthesis whereas endogenous PI, which is used for the start of GPI biosynthesis, is generally diacyl species [17] . IMDS-60 protein in mouse epididymis and its relationship with sperm maturation IMDS-60 might be also involved in the uncharacterized lipid remodeling reaction as described above in mammalian cells. Many epididymal proteins have GPI anchors and play roles in epididymis. For example, HE5 (CD52) is GPI-anchored to the sperm plasma membrane and associated with human immunological infertility [18] [19] [20] ; SPAM1 is GPI-anchored to sperm via epididymosome transfer and plays a role in sperm-egg cumulus complex interaction [21, 22] ; P26h in hamsters is involved in the binding of sperm to the zona pellucida [23] . The role of IMDS-60 in the process of lipid remodeling of GPI-anchored proteins in epididymis deserves further investigation.
The luminal fluid microenvironment provided by the epididymis plays an important role in sperm maturation. Epididymal proteins secreted in a merocrine fashion by the epithelial cells are expected to be soluble in intraluminal compartment. These proteins contain a signal peptide trafficking them to the endoplasmic reticulum [24] . Some proteins present in the intraluminal compartment of the epididymis can be pelleted if subjected to ultracentrifugation. In fact, these proteins are associated with small membranous vesicles named as 'epididymosomes', which have been described in many mammalian species including the hamster, the bull, the mouse, and the rat [25] . Many proteins associated with epididymosomes and eventually with spermatozoa lack the N-terminal signal peptide [26] . They will end up in the intraluminal compartment of the epididymis via apocrine secretion. It is intriguing that IMDS-60 could be localized on the sperm surface although it lacked the N-terminal signal peptide and has 10 transmembrane regions according to the bioinformatics prediction. The fact that IMDS-60 was not found on the sperm from caput epididymis rules out the possibility that it comes from testis. Existence of IMDS-60 within the epididiymosomes of cauda epididymis implies the possible mechanism of its transfer from epididymal epithelium.
Our work has shown that the blocking of IMDS-60 protein in the sperm from cauda epididymis results in a significant decline in sperm motility and progressive motility. The cAMP/PKA and calcium pathways are generally recognized as the two signaling pathways that are most central to the regulation of mammalian sperm motility [27] . Further work is needed to unravel which signaling pathway is affected to result in the decrease of sperm motility. The result of western blot analysis showed that IMDS-60 still existed on the sperm without apparent loss after antibody treatment for 2 h. Therefore, very likely the functional sites of the IMDS-60 have been blocked by the specific antibody. In addition, co-culture of spermatozoa from cauda epididymis with IMDS-60 antibody in vitro resulted in a significant decrease in the percentage of capacitated spermatozoa. We have also examined the motility and progressive motility of the spermatozoa in the capacitation medium containing BSA and got the same results (data not shown). We do not know whether the effects of antibody block experiments on the sperm motility and capacitation are independent or not? Capacitation normally takes place within the female reproductive tract [28, 29] . IMDS-60 was first found in uterus although highly expressed in the epididymis [3] . Hence, it implies that IMDS-60 might also play some roles during sperm transit through the female reproductive tract. Next, we will use knockout mouse to study the tissuespecific functions of IMDS-60 in vivo.
